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THE  MAGNUS  FORCE  CM  A  SHORT* BODY  AT  SUPERSONIC  SPEEDS 

ABSTRACT 

'  -  i 

The  recent  information  obtained  through  the  testing  rf  spinning 
models  In  the  Aberdeen  supersonic  wind  tunnels  has  led  t*.  &  better 
understanding  of  the  behavior  of  the  Magnus  force  generated  on  rotating 
projectiles.  Data  hare  been  obtained  at  M*afc:2.0  on  a  lov  fineness 
ratio  (5.2)  body  of  revolution.  Spin  rates  up  to  40,000  r.p.m.  (— g  ££.40) 
have  been  uted  which  cover  the  spin  range  used  by  conventional  bullets 
and  shell. 

The  Magnus  force  is  dependent  on  the  boundary  layer  conditions 
and  with  most  of  the  configurations  tested  the  Magnus  force  is  linear 
with  spin  and  angle  of  attack  in  the  lov  angle  of  attack  range.  It 
is  only  vhen  the  configuration  base  corner  Is  rounded  that  the  Magnus 
force  becomes  non-linear  with  spin  and  angle  of  attack.  _ 


TABIZ  OF  CONTENTS 


Page 

TABLE  QF  SYMBOLS . 7 

INTRODUCTION . 9 

MODELS  AND  INSTRUMENTATION . . 

TEST  RESULTS . 1*. 

CONCLUSIONS . 

REFERENCES . . .  •  -i-  y 

APPENDIX  I . * . U2 

APPENDIX  II . .  . .  .  .  **3 


i 


TABLE  OP  SYMBOLS 


•yy':c'-J  of  eounu 


model  diameter 


model  length 

Mach  number  =  — 
a 

stagnation  pressure 


i  pu2 


dynamic  pressure  *  ^  pi 
Reynolds  number  * 
Reynolds  number  * 
stagnation  temperature 


test  section  air  velocity 
angle  of  attack 
angle  of  yaw 


test  section  air  density 


test  section  air  viscosity 


spin  rate  of  model  (plus  is  clockwise  looking  upstream) 


It  -  normal  force  coefficient  =  — - — - 

^  rU°  d2 

k  -  pitching  moment  coefficient 
m  cU2  di 

F 

k_  *  Magnus  fo^ce  coefficient  =  — — = —  (plus  is  to  left  locking 

d  v  upstream) 

=  Magnus  moment  coefficient  *  T  (plus  is  plus  force  ahead  of 

pU^  d'v  moment  center) 

Kp  *  Ballistics  Magnus  force  coefficient  =  F _ 

rib-  pl£  d^  v  sin  a 

Kp  ■  when  kp  is  linear  in  a  and  a  is  small  and  in  radians. 

C.P.«  Magnus  force  center  of  pressure  location  frem  base  in  calibers 
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INTRODUCTION 


At  the  time  of  publication  of  BRL  Report  99^^  \  describing  the 
Magnus  data  obtained  on  a  model  of  a  3Ctan  aircraft  bullet,  many  questlonn 
concerning  the  Magnus  force  vere  left  unanBvered.*  8everal  of  these 
questions  have  been  answered  during  the  elapsed  interval  and  these  f tunings 
are  presented  in  this  report.  Ibe  questions  are  as  follows: 

1.  A  turbulent  boundary  layer  existed  on  the  model  duri.ig  the 
previous  tests.  How  different  is  the  Magnus  force  produced  on  e  opinning 
body  having  a  laminar  boundary  layer  froe  that  prr  b  :ed  with  a  turbulent 
boundary  layer? 

2.  A  Magnus  theory  based  or  the  mov.  aent  of  'Che  laamiar  boundary 
layer  due  to  Hpin  has  been  advanced  Martin^  K  Does  this  theory  agree 
with  experiments? 

3.  In  order  to  obta^;  satisfactory  Magnus  data  with  a  turbulent 
boundary  layer /  it  is  r.o'vasary  that  translation  be  fixed  with  respect 
to  the  model  surfr.e.  This  usually  requires  a  transition  atrip.  Does 
forcing  tran  xtton  change  the  Marius  force  from  that  obtained  with  natural 
transition? 

i/.  The  Magnus  force  on  the  3Ctom  aircraft  bullet  is  non-linear  both 
with  fipirs  *nd  angle  of  attack.  What  is  the  reason  for  this? 


Questions  .1  and  2  require  a  laminar  boundary  layer  over  the  complete 
model  surface.  Ibis  limits  the  angle  of  attack  to  fnirly  low  values  whore 
complete  laminar  boundary  layurs  ca-.  «xint.  Also  tbo  transitior 


mentioned  in  Question  3  is 


Uportant  on 


-OIL  low  angl 

-*■.»  _ 


CB  Oi 


;K  vnere 


transition  is  not 

r.  _  1  i 


aopletely  controlled  by  the  body  an^i-  of  attack.  The 
mentioned  in  Question  4  can  be  considered  m  two  parts, 
a  The  ‘ow  angle  oi  attack  region  where  sign  reversal  (negative  Magnus 
f  >rce)  of  the  Magnus  force  is  possible  and  b)  the  hi*h  angle  of  attack 


? 


The  unclassified  results  of  BRL  Report  994  are  given  in  Appendix  I. 
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region  vhere  the  data  ure  only  non-linear  with  angle  or  attack.  It  is 
believed  the  two  types  of  non-linearity  are  created  by  ceparat.c^^^r 


Utidt  o  . 


Proa  the  above  it  can  be  seen  that  most  of  the  ieal  vi  x 

the  low  angle  of  attack  region  and  can  be  coavcnlcn^^^  separated  from 
the  high  angle  of  attack  region.  This  report  d^^JTg  ^  the  low 
angle  of  attack  problou . 


j'RfJMENTATIQN 


The  models  and  instrumentation  used  for  obtaining  .lata  are 
similar  to  that  described  in  reference  1.*  The  models  are  ?  inch 
diameter  steel  bodies  mounted  on  precision  ball  oear^ngc.  An  air  turbine 
mounted  in  the  base  of  the  model  is  used  frr  spinning  the  model,  and 
the  aerodynamic  forces  are  recorded  using  a  four  component  (double  pitch 
and  double  yaw)  strain  gage  balon-'i  read  only  while  the  model  is  de¬ 
celerating  (i.e.  the  air  supply  to  the  turbine  is  turned  off). 

One  Important  charge  was  rude  in  the  instrumentation  since  the 
data  reported  in  reference  1  were  obtained.  The  power  to  the  strain  gages 
was  changed  f-.om  60  cycle,  6  volt  A.C.  to  6  volt  D.C.  with  filter  condensers 
in  each  rkgnal  lead  to  damp  out  signal  oscillations  due  to  tunnel  turbulence. 
Also  automatic  drum  recorders  were  used  to  record  the  yawing  moment  signals 
versus  spin  rate  while  the  pitching  moment  signals  were  manually  recorded 
from  multi-scale  Brown  instruments  as  before.  The  aoove  changes  increased 
the  accuracy  of  the  data  and  decreased  the  tunnel  time  required  for  running 
the  testa. 

A  further  refinement  at  the  start  of  the  testing  was  made  In  order 
to  simplify  the  data  reduction  procedure.  Whenever  the  balance  wa:  installed 
in  the  tunnel  the  model  angle  of  yaw  and  angle  of  attack  positions  were 
shifted  slightly  until  zero  angle  of  yaw  and  zero  angle  of  attack  were 
indicated  by  the  strain  gage  readings  (an  adjustable  yaw  strut  was 
for  changing  the  angle  of  yaw).  Next  the  balance  was  rolltd  slightly  until 
the  yaw  hinge  lines  were  in  the  angle  of  attack  plane  so  that  the  normal 
force  interaction  with  the  yawing  moments  was  nil.  Exactly  zero  interaction 
on  both  gages  is  impossible  due  to  a  1°  angle  between  the  two  yaw  hinge 
lines  as  indicated  by  the  calibrations. 


■? 

The  description  of  the  instrumentation  is  reprinted  e.s  Appendix  II  of 
this  report  for  the  convenience  of  those  readers  not  having  ready 
access  to  classified  reports. 
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A  typical  set  of  reduced  data  obtained  from  this  instrumentation 
i 8  shown  in  Figure  2.  Each  curve  represents  the  Magnus  force  and 
center  of  pressure  for  a  constant  angle  of  attack  frost  40,000  rpm  down 
to  zero  rpm.  It  will  be  noticed  that  the  data  are  slightly  asymetric 
with  angle  of  attack,  and  at  the  present  time  it  is  believed  that  this 
asymmetry  is  due  to  small  changes  in  the  lateral  normal  force  caused 
by  small  changes  in  the  model  yaw  during  any  one  spin  period.  These 
changes  in  yaw  could  be  due  to  play  in  the  model  bearings.  The  amount 

u  V 

of  play  necessary  to  create  the  asym^try  shown  (  yy  -  .0005)  can 
be  computed  from  the  obtained  data.  The  change  in  angle  of  yaw  (At) 

is  -l222 1  where 
n 

is  tnen  .024°.  The  bearings  sure  5"  apart  so  the  play  in  each  bearing 
need  only  be  +  .0006". 

One  further  indication  that  the  asymmetry  is  caused  by  a  change  in 
the  lateral  normal  force  is  that  the  asynmetry  is  much  greater  in  the 
rear  yawing  moment  data  than  in  the  front  yavlng  moment.  Since  the  rear 
strain  gage  is  further  from  the  normal  force  c.p.,  any  change  in  the 
normal  force  would  have  the  largest  effect  on  the  rear  yawing  moment. 

To  partly  overcame  the  remaining  asymetrlc  deficiency,  the  data 

at  plus  and  minus  angles  of  attack  have  been  averaged.  This  makes  the 

F 

present  Magnus  force  coefficient  ( - )  accurate  to  approximately 

+  .0005,  while  the  center  of  pressure  is  accurate  to  approximately  1 
caliber . 


kjj  for  this  model,  Ma  ■  2.0,  is  .021  (Figure  5).  At 
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TEST  RESULTS 


The  model  of  the  'Oram  aircraft  bullet  has  a  very  complicated 
aerodynamic  shape  which  makes  it  difficult  to  analyze  any  data  obtained 
on  the  configuration.  This  is  especially  true  if  the  data  are  non¬ 
linear  as  with  the  obtained  Magnus  data.  As  a  result  it  was  decided 
to  begin  testing  with  a  simple  aerodynamic  chape  (called  the  basic  body. 
Figure  l). 

For  the  turbulent  boundary  layer  cise,  transition  was  forced  to 
occur  at  a  fixed  distance  fraa  the  nose  by  using  an  emery  strip  cemented 
to  the  surface  of  the  body  (Figure  l).  Fixing  the  transition  line  was 
necessary  for,  as  discussed  in  reference  1,  the  zero  spin  yawing  moments 
are  dependent  on  the  model  roll  position  if  transition  occurs  at  various 
axial  positions  around  the  surface  of  the  model. 

However,  forced  transition  at  other  than  zero  angle  of  attack  creates 
slightly  different  conditions  than  those  occurring  with  natural  transition 
(Figure  U).  Also  the  forced  turbulent  boundary  layer  characteristics  are 
likely  to  be  different  from  the  natural  boundary  layer  characteristics. 

The  tripping  mechanism  is  certainly  different  and  the  velocity  p-'-if  lies , 
shear  forces  and  effective  Reynolds  number  may  be  different.  Since  the 
Magnus  force  is  generated  by  vi  cous  action  in  the  boundary  layer  the 
above  thoughts  on  differences  between  forced  and  natural  transition 
should  be  studied  carefully. 

During  the  testing  of  tnc  basic  body,  (Figure  l),  three  sizes  of  grit 
were  used  as  transition  strips  to  obtain  boundary  layers  having  different 
characteristics  (Figures  7  to  10).  Also  the  body  was  tested  without  a 
trip  ring  to  obtain  laminar  boundary  layer  data  (Figure  5  and  6).  The 
Magnus  force  data  obtained  under  these  conditions  at  uxl/U  =  A  are 
compared  in  Figure  11.  The  magnitude  of  the  Magr.us  force  decreases  with 
grit  size  and  the  Magnus  force  generated  in  the  laminar  boundary  layer 
case  is  less  than  that  generated  in  any  of  the  turbulent  boundary  layer 
cases.  Figure  11  also  shows  that  in  all  boundary  layer  cases  on  the  basic 
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body  the  Magnus  force  is  linear  with  angle  of  attack.  The  data  at  lowei 
spin  rates  show  that  the  Magnus  force  Is  also  linear  with  spin  and  the 
values  of  kf  shovn  in  Figure  11  will  hold  for  any  spin  rate  at  or  below 
tud/U  *  .4.  This  shows  conclusively  that  the  negative  and  non-linear 
Magnus  force  obtained  on  the  3Ctai  bullet  is  not  caused  by  changes  in  the 
boundary  layer  characteristics. 

2 

Martin's  theory  develops  an  expression  for  the  Magnus  force  by 
determining  the  a  symmetry  created  in  the  boundary  layer  displacement 
thickness  due  to  the  spin,  and  then  applying  the  slender  body  theory  to 
the  resulting  asymmetric  body.  Martin's  theory  is  elementary  in  that 
many  assumptions  must  be  made  and  it  may  only  be  applicable  in  the 
simplest  cases.  Simple  body  configuration,  low  angle  of  attack,  and  a 
laminar  boundary  layer  are  essential.  The  theory  disregards  the  nose 
and  substitutes  a  blunt,  open-ended  cylinder,  the  length  of  which  is 
different  from  that  of  the  nose  plus  body.  In  calculating  the  Magnus 
force  on  an  ogive  cylinder  configuration,  Martin  uses  a  theoretical  cylinder 
length  equal  to  one  half  the  nose  length  plus  the  actual  cylinder  length. 

Ti.®  expressions  developed  for  Magnus  force  and  its  center  of  pressure  are: 


10. 33^ 

(V1/2 


.40 


For  the  configuration  shown  in  Figure  1,  the  theoretical  cylinder 
length  based  on  Martin's  method  is  2.45.  Using  this  // d,  Ky  *  .050  and 
C.P.  =  .98  cal.  for  the  test  Reynolds  number.  This  agrees  better  than 
expected  with  the  1  ami  nary  experimental  coefficients  of  Ky  *  .054  and 
C.P.  =1-1  obtained  at  Ma  =  2.0,  R^  *  1.58  x  10^.  At  other  Mach 
numbers  the  agreement  is  not  as  good;  however,  it  Is  within  the  range 
of  error  one  might  expect,  (Table  I).  Kelley  and  Thacker^  and  ^ 
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of  Inyokern,  have  extended  the  theory  to  include  a  radial  pressure  gradient 
effect  and  a  skin  friction  tern,  They  also  consider  the  next  higher  order 
'terms  in  spin  which  makes  the  Magnus  force  non-linear  in  spin.  Their  results 
are  as  follows: 


% 

2 


16.526  (%jf  (jf  *  .... 


.40  + 


•  575  (%/ 


+ 


•  •  •  • 


A  plot  of  the  above  equations  with  i/d  ■  2.45  cal.  is  shown  in  Figure  12. 
The  experimental  data  on  the  basic  configuration  with  laminar  boundary  layer 
show  constant  with  spin  and  do  not  agree  with  Kelly's  results.  The 
experimental  center  of  pressure  data  are  too  inaccurate  to  indicate  a  trend 
vlth  spin  rate. 

Most  shell  or  bullets  vhich  are  fired  from  guns  require  modifications 
to  the  streamlined  shape  of  Figure  1  in  order  that  they  may  be  successfully 
launched  against  enemy  targets.  T^iese  modifications,  in  most  cases,  create 
discontinuities  in  the  configuration  surface  thereby  complicating  the 
existing  flow  field. 

The  50Hm  aircraft  bullet,  which  has  several  of  these  discontinuities 
(Figure  15),  was  tested  here  previously  and  the  Magnus  force  results 
(Figure  14  and  15)  were  quite  different  from  the  linear  results  obtained 
on  the  basic  body.  This  configuration  generates  Magnus  forces  which  are 
extremely  non-linear  in  spin  and  angle  of  attack.  Under  some  angle  of 
attack  and  spin  conditions  the  direction  of  the  Magnus  force  is  negative 
rather  than  positive.  The  Magnus  force  on  the  basic  body  (Figure  l)  showed 
linear  results,  therefore  the  cause  of  the  reversal  must  be  one  or  more  of 
the  discontinuities. 

A  process  of  elimination  of  the  various  non- streamlined  components 
of  the  shape  showed  that  the  rounded  base  corner  is  creating  the  negative 
MagnuB  forces  and  the  non-linearities  at  low  angle  of  attack.  (Figure  36, 
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17,  and  Id).  Ms  result  was  very  surprising  and  unexpected  for  the 
rounded  base  appears  to  be  one  of  the  less  significant  changes  in  the 
configuration.  The  blunt  nose,  the  rotating  band,  and  the  crisping  groove 
are  physically  ouch  larger  changes  in  the  streamline  shape;  however,  these 
changes  have  a  lesser,  although  significant,  influence  on  the  Magnus  force. 
These  three  changes  have  their  largest  influence  when  used  with  the  rounded 
base.  In  this  case  the  Magnus  force  becomes  more  negative  than  with  Just 
the  rounded  base.  It  has  also  been  determined  that  the  rounded  base  produces 
the  negative  Magnus  force  with  both  a  laminar  and  a  turbulent  boundary 
layer.  The  laminar  case  is  shown  in  figure  19. 

A  numerical  computation  of  the  pressure  difference  on  the  rounded 
portion  of  the  base  which  would  produce  the  observed  difference  in  Magnus 
force  has  been  made .  The  pressure  difference  is  approximate ly  .004  times 
the  stagnation  pressure  while  the  static  pressure  ratio  at  the  base  is 
approximately  .128.  This  means  that  only  a  small  change  in  pressure  is 
required  to  account  for  the  change  in  Magnus  force  and  it  is  entirely 
feasible  that  this  pressure  difference  could  be  produced  by  the  rounded 
base. 

Curing  the  review  of  this  report  it  was  pointed  out  to  the  author 
that  a  series  of  tests  (5)  made  in  the  Aberdeen  Aerodynamics  Range 
shoved  a  large  difference  in  the  Magnus  moment  due  to  the  addition  of  a 
hemispherical  base  to  the  square  based  body  (Figure  20).  Assuming  that 
the  change  In  moment  Is  due  to  a  force  acting  on  the  hemisphere  the  force 
must  act  In  the  negative  direction  In  order  to  produce  the  observed  change 
in  moment.  From  this  reasoning  these  tests  support  the  evidence  that 
rounded  bases  create  negative  Magnus  forces. 

Shadowgraph  pictures,  (Figure  21 )  taken  during  the  Aerodynamics 
Range  tests  an  the  hemispherical  base  show  that  the  flow  over  the  base 
is  similar  to  that  over  the  aft  portion  of  a  sphere.  The  flow  overexpands 
aa  it  attempts  to  follow  the  hemispherical  surface  and  then  must  re- 
campress  in  order  to  adjust  to  the  wake  flow.  During  this  process  the 
flow  separates  from  the  hemispherical  surface,  with  the  exact  location 
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of  the  separation  being  controlled  by  several  factors.  The  model  spin 
may  be  one  of  these  factors  and  It  Is  conceivable  that  the  Influence  of 
the  spin  may  adjust  the  separation  point  and  also  the  pressures  acting 
on  the  hemispherical  suiface  such  that  negative  forces  are  created. 

Although  the  Magnus  Force  center  of  pressure  data  are  not  sufficiently 
accurate  to  pinpoint  the  force  under  various  conditions.  It  Is  possible 
to  state  that  under  all  conditions  tested  the  center  of  pressure  Is  aft 
of  the  forward  yaw  gage  (2-1/4  cal.  forward  of  the  base)  and  In  most  cases 
It  Is  located  on  the  aft  third  of  the  body.  This  aeons  that  the  Magnus 
force  distribution  Is  concentrated  on  the  aft  portion  of  the  body  so  that 
changes  In  the  nose  configurations  should  not  Influence  the  force  except 
through  possible  changes  In  the  boundary  layer  characteristics.  No 
conclusions  on  the  motion  of  the  center  of  pressure  with  angle  of  attack 
and  spin  can  be  made  due  to  the  Inaccuracy  of  the  data. 

No  significant  variation  In  pitching  moment  or  normal  force  due  to 
spin  of  the  configuration  was  noticed  during  any  of  the  tests. 
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CONCLUSIONS 


A  study  of  the  Magnus  force  on  low  fineness  ratio  bodies  leads  to 
the  following  conclusions: 

1.  The  Magnus  force  generated  on  the  basic  body  with  &  laminar 
boundary  layer  Is  less  than  the  Magnus  force  generated  on  the  same  body 
with  a  turbulent  bo"Mary  layer. 

2.  The  Magnus  force  generated  on  the  basic  body  with  a  forced 
turbulent  boundary  layer  Is  dependent  on  the  site  of  eaery  grit  used  for 
the  transition  strip. 

3.  Martin* s  theory  agrees  with  the  laalnar  boundary  layer  data 
obtained  vlthln  the  expected  accuracy  of  the  theory. 

k.  The  Magnus  force  center  of  pressure  Is  located  on  the  aft 
portion  of  the  body. 

5.  A  rounded  base  can  create  a  negative  and  non-linear  Magnus 
force . 

6.  Modifications  to  a  streamlined  body  such  as  blunt  nose,  a 
rotating  band  or  a  crimping  groove  Influences  the  Magnus  force  to  a 
significant  but  lesser  degree  than  does  a  rounded  base. 

7.  a  ^re  based  body  has  a  positive  Magnus  force  and  the  force 
1b  linear  with  spin  and  with  angle  of  attack  up  to  at  least  3°. 

8.  The  normal,  force  Is  not  Influenced  by  spin. 


A.  S.  PIATOU 
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A  TYPICAL  SET  OE  MAGNUS  DATA  OBTAINED  ON  THE  BASIC  BODY 


THE  NORMAL  FORCE  AND  PITCHING 
MOMENT  ON  THE  BASIC  BODY 


MOMENT  IS  ABCviT  FRONT  PITCH 
GAGE:  2.3  CAL.  AHEAD  OF  BASE 
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FIG.  3 


^8*  5  Basic  Configuration  with  Laminar  Boundary  Layer 

Mfl.  ■  3  n  Ba  .  ^  ^  _  „o 


?6 


Fig.  7  Basic  Configuration  with  No.  20  Emery  Transition  Strip 
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EFFEJ7  OF  BOUNDARY  LAYER  ON 
THE  MAGNUS  FORCE  OF  THE  BASIC  BODY 


Ma  *2.0  Re*  .65 X  10* 


0  2  4  6 

a 


O  LAMINAR  BOUNDARY  LAYER 
□  IP 20  TRANSITION  STRIP  {  LARGEST  GRIT) 

A  #40  TRANSITION  STRIP  (MEDIUM  GRIT) 

O  #80  TRANSITION  STRIP  ( SMALLEST  GRIT) 
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FIG  II 


C.R  Cal.  from  bate 


THE  MAGNUS  FORCE  PREDICTED 
BY  KELLY  AND  THACKER 

— j-  •  2.45  R**  1.58  «  10* 


Experiment 
Ma  =  2.0 


3? 


FIG.  !2 


OMlVlOb 
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THE  MAGNUS  FORCE  ON  THE 
30  MM  AIRCRAFT  BULLET 


Mo=?..0  R#=  .65*106  2 

FORCED  TRANSITION  AT  -3-  «  .75  *40  EMERY 

a 


31* 


FIG.  14 


THE  MAGNUS  FORCE  ON  THE 
30  MM  AIRCRAFT  BULLET 
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FIG.  15 


THE  EFFECT  OF  A  ROUNDED  BASE 
ON  MAGNUS  FORCE 

M0=2.0  R#*  .65 *  10 6  ^*-*20 

FORCED  TRANSITION  AT-*-«.75  *40  EMERY 

a 


□  BASIC  BODY 

A  BLUNT  NOSE  AND  ROTATING  BAND 
O  BLUNT  NOSE 
Q  CRIMPING  GROOVE 
O ROUNDED  BASE 

O  CRiMPING  GROOVE  a  ROUNDED  BASE 
V  BLUNT  NOSE, ROTATING  BAND, 
CRIMPING  GROOVE, 8  ROUNDED  BASE 
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FIG.  16 


THE  EFFECT  OF  A  ROUNDED  BASE 
ON  MAGNUS  FORCE 

M0*  2.0  Re*  .65  *  10  6  ^  «.3C 

FORCED  TRANSITION  ,  ~-*-«.75  *40  EMERY 


a 


□  BASIC  BODY 

A  BLUNT  NOSE  AND  ROTATING  BAND 
O  BLUNT  NOSE 
Q  CRIMPING  GROOVE 
O ROUNDED  BASE 

O  CRIMPING  GROOVE  B  ROUNDED  BASE 
V  BLUNT  NOSE,  ROTATING  BAND  , 
CRIMPING  GROOVE,®  ROUNDED  BASE 
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FIG.  17 


THE  EFFECT  OF  A  ROUNDED  BASE 
ON  MAGNUS  FORCE 

Ma-2.0  R.-.65XI06  *^-.40 

FORCED  TRANSITION  AT  -J-  ■  .7 5  *40  EMERY 


□  BASIC  BODY 

A  BLUNT  NOSE  AND  ROTATING  BAND 
O  BLUNT  NOSE 
a  CRIMPING  GROOVE 
O ROUNDED  BASE 

D  CRIMPING  GROOVE  S  ROUNDED  BASE 
V  BLUNT  NOSE,  ROTATING  BAND, 
CRIMPING  GROOVE,  8  ROUNDED  BASE 
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FIG.  18 


THE  MAGNUS  FORCE  ON  A 
ROUNDED  BASE  MODEL  HAVING  A 
LAMINAR  BOUNDARY  LAYER 

Mg  *  2.0  Rg».65x|06 
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FIG.  19 


MOMENT  COEFFICIENT 
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F  CUKi 


FIGURE  21 


APPENDIX  I 


IHCLASSIFTED  RESULTS  OP  BRL  REPORT  994 

For  those  readers  who  do  not  hare  4 Mediate  access  to  BRL  Report  991* 
the  unclassified  results  which  sr*  r*rtinent  to  this  report  are  listed 
below.  These  results  apply  only  to  the  aircraft  bullet  shown  in 

Figure  13. 

1.  The  Magnus  force  is  non-linear  with  angle  of  attack  (Figure  14^. 

2.  The  Magnus  force  and  maaent  are  negative  at  aaall  angles  of 
attack  and  most  spin  rates  (Figure  15) • 

3.  The  Magnus  force  and  accent  are  non-linear  with  spin  at  low 
angles  of  attack  (a  ^.7-l/?°)  (Figure  15). 

4.  The  Magnus  force  center  of  pressure  is  located  behind  the  center 
of  gravity  (1.3  cal.  forward  of  the  base). 
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APPENDIX  II 


SPINNING  MODEL  INSTRUMENTATION 

The  air  motor  is  an  integral  par  1  of  the  model,  the  model 
forming  the  outside  surface  of  the  revolving  portion  of  the  motor. 

This  portion  of  the  motor  is  mounted  on  the  bearing  outer  races  as 
shown  in  Figure  22.  The  inner  races  of  the  bearing  are  mounted  on  a 
cylinder  which  in  turn  is  mounted  on  the  upstream  end  of  the  model  strain 
gage  balance  and  supporting  strut.  The  model  is  rotated  by  an  Impulse 
air  turbine  with  the  turbine  buckets  being  mounted  in  the  model  base 
and  the  air  nozzles,  of  which  there  are  four,  being  mounted  Just 
upstream  of  the  buckets  on  the  supporting  strut.  .An  axial  hoie  drilled 
in  the  supporting  -et^rt  serves  as  a  passage  for  the  high  pressure  air 
to  the  nozzles;  at  the  usual  test  conditions  the  flow  out  of  the 
nozzles  should  be  approximately  Mach  number  4.  Since  the  nozzle  air  is 
exhausted  into  the  tunnel,  dry  air  from  the  wind  tunnel  storage  sphere 
io  used  as  the  high  pressure  source. 

For  these  tests  sufficient  power  to  operate  the  motor  easily  was 
obtained  by  using  a  supply  pressure  of  175  psi.  Under  the  test  conditions 
the  motor  has  a  starting  torque  of  1.2  in.  lbs.  and  develops  .5  HP  at 
4^>,000  hPM.  The  acceleration  time  from  0  to  45,000  RPM  is  approximately 

50  sec  . 

A  spring  is  used  to  preload  the  bearings  so  that  the  bearings  are 
subjected  to  a  thrust  at  all  times.  The  preload  appears  to  confine  the 
ball  rotation  to  one  axis,  because  a  track  is  worn  into  the  ball  surface 
after  several  thousand  revolutions,  Figure  25.  A  thermocouple  is  mounted 
near  the  forward  end  of  the  strut  so  that  the  temperature  rise  of  the 
strut  can  be  "-.easured  when  the  model  is  spun.  While  breaking  in  a  set 
of  bearings,  the  appearance  of  a  well  worn  track  is  indicated  by  a  leveling 
off  or  decrease  in  the  temperature  of  the  forward  end  of  the  strut.  After 
seve-al  minutes  of  running  at  low  speeds  the  v.emperature  stops  rising  and 
may  In  the  caDe  of  an  extremely  good  bearing  •  art  decreasing.  Bearings 


art  broken  In  by  meafuring  the  strut  temperature  at  10,000  and  20,000 
PPM  and  no  bearings  are  run  at  higher  speeds  until  no  temperature  increase 
is  obtained  at  the  low  speeds.  If  the  preload  is  removed  from  the  bearing, 
the  bearing  balls  will  reorient  themsel\es  and  a  rebreaking  in  of  the 
bearing  is  necessary. 

Measurement  of  the  temperature  of  the  forward  end  of  the  at rut  is 
also  necessary  during  the  tunnel  tests  for  it  indicates  the  condition  of 
the  bearings  during  any  one  spin  period.  If  the  temperature  rise  bee one c 
excessive  or  if  the  temperature  of  the  strut  rises  above  150°F  the  bearings 
arp  rinsed  in  a  clear  solvent  and  regreased.  The  150°F  limit  was  found  to 
be  Just  under  the  temperature  at  which  freezing  of  the  bearings  might  occur. 

Two  permanent  magnets  are  mounted  near  the  base  of  the  model  (see 
Figure  22).  As  the  model  rotates,  the  magnetic  field  generates  a  current 
in  a  coil  mounted  on  the  stationary  strut.  Using  suitable  circuitry,  the 
resultant  coil  signal  is  converted  into  a  signal  proportional  to  the  RPM 
of  the  model. 

Dynamic  balancing  of  the  model  is  accomplished  using  a  sensitive 
balancing  rig  which  determines  the  location  and  amount  of  metal  to  be 
removed  from  both  the  nose  and  tail  of  the  model.  'The  balancing  reduces 
the  wear  on  the  bearings  especially  at  resonant  speeds  and  re luces  the 
strain  gage  signal  oscillations  at  resonant  speeds.  Necessarily,  readings 
are  not  taken  near  the  resonant  points. 

Temperature  compensation  of  the  strain  gage  bridges  was  accomplished 
by  varying  the  resistance  of  one  of  the  bridge  lege  until  the  bridge 
indicated  no  unbalance  when  the  temperature  of  the  beam  was  changed . 

During  test,  temperature  non-unif ormity  of  the  beam  caused  by  heat  from 
the  bearings  might  still  cause  trouble,  so  as  a  check,  the  bridge  unbalance 
was  observed  as  the  model  spin  varied  from  45,000  RPM  to  0  under  no  flow 
conditions.  No  bridge  unbalance  was  found,  except  at  resonant  speeds,  so 
the  method  of  temperature  compensation  was  considered  satisfactory. 
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Fig.  23  Ball  Bearing  After  Break  in  Period 
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